The spectroscopic behavior of thin films of regioregular poly(alkylthiophene)s bearing an optically active alkyl group has been investigated in the solid state under different sample preparation procedures. The experimental results are interpreted in terms of influence of the side-chain substituents on the extent of planarity of the polymeric chains and the formation of optically active chiral aggregates.
Introduction
Chiral poly(alkyl)thiophenes have been for years the subject of many studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] that have evidenced both the relevance of main chain regioregularity for achieving significant optical activity and the presence of remarkable conformational dissymmetry when the macromolecules are in the solid state or in microaggregates. In solution of a good solvent, polythiophenes bearing in the side chain a chiral alkyl group in one prevailing configuration do not display any optical activity arising from the presence of dissymmetric conformation of the backbone, as shown by circular dichroism (CD) spectra. When the macromolecules begin to aggregate, as it occurs e.g. by addition of a poor solvent [11, 12] , or lowering the solution temperature [6] , or when the macromolecules are assembled in the solid state as thin films obtained by solution casting or spin coating [6, 13] , significant CD bands are observed in the spectral region related to the electronic absorptions of the aromatic polythiophene chromophore. These CD bands are indicative of a chiral macromolecule arrangement of one prevailing chirality. This behaviour has been ascribed to the occurrence of a chiral supramolecular organization induced by the chiral groups located in the polythiophene side chains, and its relevance may be affected both by the nature of the substituents and the conditions under which the aggregation takes place [3, 4, 14] .
To highlight this aspect we have investigated, by spectroscopic techniques, the behavior of thin films of three different chiral regioregular polythiophenes: poly(DMBTT), poly(DHDMBQT) and poly(DDDMBQT) (Scheme 1). These polymers are characterized by the presence in the side chains of the polythiophene backbone of the same asymmetric, optically active, alkyl group and by the absence, or the presence, of a C-6 or C-12 linear n-alkyl chain having the function of improving solubility and filmability of the material.
In this paper thin films of the polymeric derivatives, prepared by solution casting or spin coating, have been characterized both in the native state and after treatment with pentane in order to favor a more ordered arrangement of the macromolecules in the solid state [15] . 
Results and discussion

Molecular properties
Average molecular mass and polydispersity values of the investigated samples are reported in Tab. 1. It can be observed that the average chain lengths of poly(DMBTT) and poly(DDDMBQT), as calculated by their polymerization degrees, are quite similar (123 and 125 thiophenic rings, respectively), whereas the number of rings in poly(DHDMBQT) is significantly lower, corresponding to 75, on the average. As the polydispersity of poly(DHDMBQT) is also higher with respect to the other derivatives we can expect this polymer to show more plastic properties. 
Thermal characterizations
The DSC thermograms in the bulk of poly(DMBTT), poly(DHDMBQT) and poly(DDDMBQT) display only one thermal transition related to glass transition (Tab. 1), with the absence of peaks related to melting of the material, thus possibly suggesting a substantially amorphous state of these derivatives in the solid state.
As expected, the T g values decrease with increasing the length of the alkyl side chains, due to the plasticising effect induced by the substituents. This differs from the thermal behaviour of PMBT, a regioregular polyalkylthiophene bearing the same optically active substituents on each thiophene unit. PMBT shows a T g value of 59 °C, a melting temperature of 244 °C and a tendency to produce crystalline domains [13] . The polymers studied here, while bearing the same chiral substituent, contain in the backbone also unsubstituted thiophene rings that increase the rigidity of the main chain and affect their thermal properties.
UV-vis and CD spectra
The UV-vis spectra of thin films obtained by the different deposition techniques display an absorption maximum related to the π -π* electronic transition of the conjugated aromatic system in the range 470-510 nm (Tab. 2), structured signals being also present in some cast films of poly(DHDMBQT) at around 600 nm, usually assigned to vibronic bands originated by increased three-dimensional order of the macromolecules. It is worth noticing that the maximum absorption wavelength increases with increasing size of the alkyl substituent, as expected on the basis of higher electronic conjugation along the backbone.
Tab. 2.
Absorption maximum wavelengths (nm) for spin coated (sc) and cast (cc) thin films of poly(DMBTT), poly(DHDMBQT) and poly(DDDMBQT) as prepared and after dipping in pentane (sc+p and cc+p, respectively) a) . The annealing of the sample films reported here does not afford any change of the UV-Vis spectra, differently from previous investigations on similar poly(3-alkyl) thiophenes [13] . This behavior can be attributed to the absence of melting peaks in the thermograms of poly(DMBTT), poly(DHDMBQT) and poly(DDDMBQT).
Fig. 1. UV Vis spectra of poly(DHDMBQT) as spin coated film (blue line) and after pentane treatment (red line).
The thin films obtained by spin coating give CD signals of negligible intensity for poly(DMBTT) and poly(DHDMBQT), and of low intensity for poly(DDDMBQT). The cast films exhibit more intense CD bands with respect to spin coated samples (Tab.
3), thus confirming that a slower evaporation rate of the solvent, as it occurs during the casting process, favors a better chiral organization of the growing film. However, the treatment of spin coated films with pentane allows to obtain significant optical activity with increasing signals intensity with sample thickness, as well as the appearance of a CD shoulder around 600 nm ( Fig. 2 and 3) . a) Data obtained from the most intense CD spectrum for each sample (sh: shoulder). The crossover point of the dichroic bands is indicated at zero optical activity.
In the case of spin coated poly(DDDMBQT), the originally displayed CD signals are remarkably enhanced by the treatment with pentane (Fig. 4) .
By contrast, the CD spectra of cast films are weakly affected by the treatment with pentane except for poly(DDDMBQT), which displays the appearance of well visible band at around 604 nm, related to the vibronic signal at the same wavelength present in the UV spectrum with a pronounced bathochromic shift of all the signals (Fig. 5) . 20 The dichroic signals (Tab. 3) are related to the UV-vis absorptions, with the appearance of bisignated spectra with positive Cotton effect for poly(DHDMBQT) and poly(DDDMBQT) and negative for poly(DMBTT). This is indicative of opposite chirality assumed in the aggregated state by poly(DHDMBQT) and poly(DDDMBQT) with respect to poly(DMBTT). This behaviour parallels that observed for the same samples when their aggregation in solution is promoted by addition of a poor solvent [16, 17] . It is known that the sign of optical activity of chiral polythiophene aggregates may be affected by a change of solvent [4, 12, 18] or even a change of composition of the solvent mixture [7] . In the present case it appears that the inversion of chirality observed upon passing from poly(DMBTT) to poly(DHDMBQT) and poly(DDDMBQT) is to be attributed to their different chemical structure. The presence of a further alkyl substituent, such as the n-hexyl or n-dodecyl moiety, in addition to the chiral group, originates the opposite dichroic behaviour in the studied polymers.
As reported in Tab. 3, the CD spectra obtained after the pentane treatment display a band, or a shoulder, at high wavelength, ranging in between 580-610 nm, which can be associated with the vibronic bands observed in the UV-Vis spectra, and two signals of opposite sign with a crossover point (the wavelength at zero mdegree) close to the UV-Vis maximum wavelength for all the spin-coated films and the cast films of poly(DMBTT). This behaviour can be attributed to overlapping of exciton coupled signals with a positive (for poly(DHDMBQT) and poly(DDDMBQT)) or negative (for poly(DMBTT)) signal at higher wavelength, thus originating a certain degree of distortion of the spectra. In the case of the cast films of poly(DHDMBQT) and poly(DDDMBQT), the distortion is quite remarkable and the cross over points appear much farther away from the UV-Vis maximum absorbance wavelength, probably in consequence of much more extended intra-and/or intermolecular interactions, favoured by the C-6 and C-12 alkyl substituents, giving rise to optically active absorptions originated by the presence of chiral structures, in the bulk.
In order to be able to compare the total amount of chirality displayed by the polymeric derivatives, the integrated area of all the CD bands, normalized for thickness, was averaged for each sample so as to obtain the values reported in Tab. 4.
Tab. 4.
Mean overall ellipticity (mdegree) normalized for thickness (nm) as determined by the CD spectra of spin coated (sc) and casted (cc) thin films of poly(DMBTT), poly(DHDMBQT) and poly(DDDMBQT) as prepared and after dipping in pentane (sc+p and cc+p, respectively). From the data of Tab. 4 it appears that the spin coated films of poly(DMBTT) exhibit the highest optical activity upon pentane treatment, the cast films also giving enhanced ellipticity. A similar behaviour is shown by poly(DHDMBQT), although the cast films are not particularly sensitive to the treatment. By contrast, both the spin coated and cast films of poly(DDDMBQT) display the lowest optical activity, thus suggesting that the increase of the side chain length disfavours the formation of chiral aggregates with a prevalent chirality. Even considering that in poly(DMBTT) 2/3 of the thiophene rings are substituted by the chiral group, against the 2/5 substitution degree in poly(DHDMBQT) and poly(DDDMBQT), the contribution of the optically active thiophene ring of poly(DMBTT) to the overall ellipticity is still the highest.
Raman and IR spectra
In conjugated polymers the Raman C=C stretching band frequency may vary with the extent of π-electron delocalization. It is known from the literature that in poly (3-alkyl) thiophenes the C=C stretching Raman frenquency is indicative of changes of conjugation due to variation of backbone planarity at a short-range scale (less than three monomers) [19, 20] . The usual value obtained in a film, with a 1064 nm excitation, is near 1445 cm -1 . In solution this mode shifts to 1477 cm -1 because of a more twisted backbone conformation. The Raman spectra of films obtained by spin coating before and after treatment with pentane are displayed in Fig. 6 . The figure shows the spectral region of the most intense Raman mode, mainly due to C=C stretching vibrations which are strongly coupled to the π-π* transition. It can be seen that the C=C stretching band is peaked at about 1460-1470 cm -1 for the spin coated films, suggesting a rather twisted conformation of the conjugated backbone. A weak band at 1443 cm -1 is depicted and becomes more evident upon pentane treatment. Since this band is ascribed to planar chain segments, the results are suggesting that twisted and planar chain segments are coexisting in the polymer films and that upon pentane treatment there is an improvement of backbone planarity. The Raman spectra of poly(DHDMBQT) and poly(DDDMBQT) are similar, as expected for polymers having the same substitution degree of the thiophene rings. The changes in poly(DMBTT) spectra with the pentane treatment are less evident due to its different substitution degree with respect to other polymers.
The IR spectra give additional information about the conjugation degree of polyalkylthiophenes. In particular, there is a ring stretching mode around 1500 cm -1 , whose frequency oscillator strength and frequency depends on the degree of conjugation and backbone planarity. For longer conjugation lengths this mode increases in intensity and shifts toward lower frequencies. Taking as internal standard the band at 1375 cm -1 , connected to umbrella deformation of the methyl groups of the alkyl side chain substituents, whose oscillator strength is unaffected by inter-and intra-molecular coupling [21] , it appears that the intensity ratios (A 1496-1500 /A 1375 ) between the above mentioned bands change from 0.79 to 1.39, from 1.06 to 1.83, and from 0.94 to 1.76 for poly(DMBTT), poly(DHDMBQT) and poly(DDDMBQT), respectively, upon treatment with pentane. Therefore, in agreement to Raman features, the IR spectra are also probing an increase of conjugation upon pentane treatment.
Conclusions
Spin coated and cast films of chiral alkyl substituted polythiophenes display different conjugation and optical activity according to the preparation method. In general, the cast films exhibit higher coplanarity and conformational dissymmetry with respect to the related spin coated materials, this behaviour being attributable to more ordered arrangement of the macromolecules when the evaporation of the solvent occurs more slowly.
Upon treatment of the samples with pentane, aimed to promote a more ordered arrangement of the macromolecules in the solid state, an increase of coplanarity of the thiophene rings is obtained in spin coated films, as expected, while the casted films are substantially unaffected by the treatment. The overall optical activity of the samples appears particularly increased for the spin coated films of poly(DMBTT) and poly(DHDMBQT), whereas poly(DDDMBQT) is only slightly affected by the dipping in pentane. In the average, the highest conformational dissymmetry of the macromolecules is afforded by poly(DMBTT).
Experimental part
Materials
Poly(DMBTT) [22] , poly(DHDMBQT) [16] and poly(DDDMBQT) [17] , were purified as described and characterized by the usual procedures. Several thin film samples were 
Physico-chemical measurements
Number-average molecular weight ( n M ) and polydispersity ( n w M M ) of the polymeric samples were determined at room temperature by size exclusion chromatography (SEC) in THF solution using a HPLC Lab Flow 2000 apparatus, equipped with an injector Rheodyne 7725, a Phenogel Mixed MXL and MXM columns and a UV-Vis detector Linear Instruments model UVIS-200, working at 254 nm. Calibration curves were obtained by using several monodisperse polystyrene standards.
Glass transition temperatures T g were determined on 2-4 mg of each sample by differential scanning calorimetry (DSC) experiments performed on a Perkin-Elmer Pyris 1 instrument equipped with a liquid nitrogen subambient apparatus, after two heating-cooling cycles at 20 °C/min starting from -50 °C to 200 °C under helium.
The decomposition temperature was determined by using a Perkin Elmer TGA-7 thermogravimetric analyser operating at a heating rate of 20 °C/min under air.
UV-Vis absorption spectra were recorded at 25 °C by a Perkin-Elmer Lambda 9 spectrophotometer.
Absorbance
Thickness (Å)
FT-IR spectra were carried out on a Bruker IFS66 FT-IR spectrometer on films prepared by spin coating on KBr pellets.
Raman spectra were obtained with a Bruker FRA106 Raman attachment, exciting at 1064 nm with a Nd:YAG laser.
CD spectra were recorded at 25 °C on a Jasco 500 A dichrograph flushed with dry nitrogen.
